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Of numerous post-depositional microstructures !hat exist in Carboniferous quartz sandstones, Tuttle lamellae (healed microcracks 
or microfractures, planar arrays of fluid inclusions) are potentially the most informative. Universal stage orientation analysis and 
the stratigraphic position of relict and consistent post-depositional Tuttle lamellae populations indicate a polyphase history of 
formation with at least three events: a pre-Carboniferous event, a Carboniferous event (perhaps associated with basin extension), 
and a post-Triassic event - very likely Tertiary in age. Since Carboniferous macrostructures are scarce, Tuttle lamellae provide a 
promising avenue for future kinematic analysis of somewhat cryptic Carboniferous deformation events. 
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Planar arrays of fluid inclusions independent of crystallo
graphic orientation, thought to be healed microfractures 
and also known as Tuttle lamellae {Tuttle 1949), are 
common in Carboniferous quartz arenites from the Bell
sund area (Maher & Craddock 1984) and from the St. 
Jonsfjorden area (Pray 1990; for locations see Fig. l ). 
Tuttle lamellae are robust paleostress indicators (Kowal
lis et al. 1990). Below we describe different populations 
of Tuttle lamellae seen in our samples, discuss evidence 
for a polyphase history of Tuttle lamellae formation, and 
address their potential for unraveling the complex history 
of post-Caledonian tectonism on Svalbard. Some of 
these tectonic events are less understood and Tuttle 
lamellae may provide additional information and con
straints in the future. 

Tuttle lamellae - character and genesis 

Since the nature of these features is not widely known, 
the following is a brief summary review. First extensively 
described by Tuttle ( 1949), these microstructures consist 
of sets of planar arrays of fluid inclusions (Fig. 2), 
almost exclusively found within quartz-rich lithologies. 
Several percent phyllosilicate material seems to be suffi
cient to inhibit their development. Tuttle lamellae can 
belong to a population with a consistent orientation over 
large regions (IOOOs km2, Kowallis et al. 1990). They 
have been described from a variety of tectonic settings, 
including US Gulf Coastal Plain strata (Laubach 1989), 

Basin and Range plutons (Ren et al. 1989), granites from 
the Massif Central of France (Lespinasse & Pecher 

1986), and in the Ventura basin (perpendicular to a fold 
axis) of California (Bonham 1957). 

The lack of offset along the plane of fluid inclusions, a 
lack of a conjugate geometry, its orientation in areas 
where the kinematic regime is independently established, 
and hydrofracture mechanics all support the contention 
that these are tensile fractures, and hence are useful as 
paleostress indicators. Thus, they form perpendicular to 
the l east principal stress traction ( Kowallis et al. 1990; 
Lespinasse & Pecher 1986; Laubach 1989). Experimental 
work indicates that the healing process is essentially 
geologically instantaneous ( Kowallis et al. 1990). A very 
high density observed in some cases ( several per mm 
traverse- Fig. 2) also necessitates healing during sequen
tial formation of Tuttle lamellae, otherwise there would 
have been total loss of cohesion. Laubach ( 1989) argues 
that formation and healing can occur at diagenetic con
ditions (T < 100°C). Variable ftuid-inclusion chemistry 
suggests that they can be reopened and resealed 
(Lespinasse & Pecher 1986), but well-defined sets we 
have observed at angles of c. 15° indicate that a relatively 
small change in the least principal stress direction will 
generate a new set. 

Since they are penetrative (hand specimen scale), ex
hibit a coinsistent orientation over a wide area, and are 
easily interpreted microstructures, the fluid inclusion 
planes can provide valuable information in cases where 
other structures are absent (Kowallis et al. 1990). An 
additional useful trait is that since they are microscopic 
they are preserved as relict features in sedimentary 
grains. Such Tuttle lamellae are truncated by grain 
boundaries, and do not have a systematic orientation 
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Fig. l. Map of localities discussed in the text. B =Bellsund, BR= Brøggerhalvøya, 
BT = Billefjorden Trough, H =Hornsund, M = Midterhuken, N = Nordenskiiild 
Land, R = Reinodden, SJ = St Jonsfjorden. 

from grain to grain. If relict Tuttle lamellae are seen in 
grains then they were formed some time between deposi
tion and erosion of source rock. On this basis a reltive 
chronology can be built. 

Methodology 

For oriented specimens, three orthogonal sections were 
cut, usually perpendicular and parallel to bedding and to 

a c. N30°W trend (the Tertiary rotation axis). The thin 
sections were purposefully thicker than normal in order to 
allow the orientation of the Tuttle lamellae to be deter
mined using a Universal stage. Orientations were taken 

from all Tuttle lamellae encountered in traverses across 
the slide. In thin sections with relict Tuttle lamellae only 

those crossing grain boundaries were measured. Data 
from orthogonal sets were combined, plotted as poles on 
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Fig. 2. A. Photomicrograph of a population of post-depo�itional Tuttle lamellae 
within a Billefjorden quartzite from Midterhuken ( crossed nicols). Horizontal 
scale c. 4.5 mm. B. Photomicrograph of multiple populations of Tuttle lamellae 
within Billefjorden quartzite from Midterhuken. In this close-up view (horizontal 
scale c. 0.5 mm) the individual fluid inclusions defining the Tuttle lamellae are 
discemible. C. Photomicrograph of relict Tuttle lamellae within Billefjorden 
Group orthoquartzite from Midterhuken. Horizontal scale c. 2 mm. 

a stereonet, and contoured (Fig. 3). Three orthogonal 
sections allow any orientation of Tuttle lamellae to be 
measured with the U-stage. However, the thin-section 
planes introduce a bias so that some populations may be 
under-represented. Some specimens originally collected to 
describe the sedimentary petrology (prior to knowing 
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about the existence of the Tuttle lamellae) were unori

ented. These were used for more qualitative observations 
of relict versus post-depositional Tuttle lamellae popula
tions. Since the stratigraphic position of the samples is 
important, Table l gives the Carboniferous stratigraphic 
nomenclature used in this report. 

Observations on Tuttle lamellae from Svalbard 

Midterhuken, Bellsund 

On the Midterhuken (Fig. l) post-depositional Tuttle 
lamellae are common in orthoquartzites of the Billefjor
den Gro up (l O samples ), and occur in particularly high 
density (many hundreds per thin section) in several thin 
sections. Multiple populations of post-depositional Tuttle 
lamellae occur in three samples. In contrast, in overlying 
sandstones and conglomerates of the Reinodden Forma
tion (6 samples) post-depositional Tuttle lamellae are 
absent or are sporadic with a relatively low density ( tens 
per thin section) in others. Relict Tuttle lamellae occur in 
both Billefjorden Group and Reinodden samples, but are 
more common in conglomerates of the latter. In one 
conglomerate sample from the Reinodden Formation 
relict Tuttle lamellae in a quartz arenite clast (Billefjorden 
Group?) cut across quartz grains within the clast. 

Samples from Midterhuken are unoriented. However, 
in all samples the dominant Tuttle lamellae population is 
sub-perpendicular to bedding. In addition to the Tuttle 
lamellae, abundant post-depositional undulose extinction 
and deformation lamellae ( extend through grain boun
daries into cement overgrowths and effects some vein 
quartz) and stylolite seams are common in Billefjorden 
Group orthoquartzites, but are largely absent in the 
overlying clastics of the Reinodden Formation. 

Reinodden, Bellsund 

An oriented sample from outcrop of the Billefjorden 
Group exposed on the shores of Reinodden also shows 
multiple populations of post-depositional Tuttle lamellae 
(Fig. 3H). A major population has poles which plunge 
moderately to the NW and a subhorizontal minor popu
lation has NW trending poles parallel to those of other 
populations from other areas (Fig. 3). Because of speci
men size only two thin sections were examined for this 
sample. A sample from the overlying Reinodden Forma
tion exhibited relict Tuttle lamellae, but not enough 
post-depositional lamellae were seen to warrant orienta
tion analysis. Most of the quartz lithics are metamorphic 
and ostensibly derived from the basement. 

Southern Nordenskiold Land 

An oriented sample collected from a conglomerate bed 
within the Reinodden Formation on Ingeborgefjellet 
(Fig. l) shows a well-developed population of Tuttle 
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lamellae with subhorizontal, NW-trending poles (Fig. 
3D). Small calcite veins seen in outcrop parallel this set. 
This is consistent with an extensional origin for the 
Tuttle lamellae. Quartz arenite lithics also occur in this 
conglomerate. In our experience, quartz-dominated 
lithologies in the basement all show deformation textures 
(polygonization, rimming mortar texture, quartz rib
bons) distinctive from those in the Billefjorden Group. In 
addition, an angular unconformity exists between strata 
of the Billefjorden Group and the overlying Reinodden 
Formation. The former was at least locally a source for 
the latter. Hence, the quartz arenite lithics are likely 
derived from the Billefjorden strata. As observed at 
Midterhuken, these lithics have internat relict Tuttle 
lamellae that cut individual grains within the quartz 
arenite, but are truncated by the boundaries of the lithic 
clasts. 

St Jonsjjorden area 

In orthoquartzite samples from the basement as well as 
the Billefjorden and Gipsdalen (Tåmkanten Formation) 
Groups (Fig. 3A-C, E-G) collected from St Jonsfjor
den, multiple populations of Tuttle lamellae occur. Most 
samples exhibit post-depositional Tuttle lamellae whose 
maxima of pole orientations is subhorizontal with N
NW trends (present-day orientation). Another popula
tion seen in two samples (Fig. 3E, C) has poles which 
plunge moderately to the NW. 

In one sample (Fig. 3F) taken from the binge of a 
tight fold a well-developed subhorizontal, NE trending 
pole maxima occurs. Pray (1990) suggests these formed 
as a res ult of local extension ( extrados position) due to 
ftexure during folding. This hypothesis is based on a 
subparallelism between poles to Tuttle lamellae and poles 
to fracture cleavages in the sample. The fold is adjacent 
to (within tens of meters) a Tertiary thrust. 

Orthoquartzite samples from the Billefjorden Group 
and Tåmkanten Formation also display well-developed · 

and sometimes pervasive relict Tuttle lamellae (Fig. 2C). 
A pre-Carboniferous source terrane with ubiquitous Tut
tie lamellae must have existed. In addition to the Tuttle 
lamellae, post-depositional undulose extinction, which 
often accompanies deformation lamellae, occurs in the 
Carboniferous samples from St. Jonsfjorden. 

Discussion 

The existence of multiple populations and the presence of 
relict and post-depositional Tuttle lamellae in the same 
specimen clearly indicates a polyphase history. The pres
ence of Tuttle lamellae in a sample ( unfortunately unori
ented) from Triassic quartz arenites on Treskelen (Fig. l) 
necessitates at least one post-depositional event, most 
likely during the Tertiary. In that several kinematic 
phases occur within the Tertiary (Birkenmajer 1981; 
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Fig. 3 .  Stereonet plots (per l% area) for present-day orientations of  potes to Tuttle lamellae which record paleostress directions of a3 • All samples are from St 
Jonsfjorden ex'?C=pt for D (Nordenskiiild Land) and H (Reinoddcn). Italics are contour intervals (A) JP-1 (Cy), 1, 5, 9, 13%, ( B) JP-15 (Cy), 1, 4, 7, 10%, (C) JP-17 
(Cy), 1, 5, JO, 15%, (D) NIA (CR), 2, 7, 12, 1 7%, (E) JP-3 (HH), 2, 7, 12, 1 7%, (F) HM-173 (Ca), 2, 6, 10, 14%, (G) HM-191 (Ca), 2, 12, 22, 32%, (H) RIA 
(Ca), 3, 8, 13, 18% . The orientations suggest multiple Tuttle lamellae populations. Note NNW-SSE to NW-SE, subhorizontal maxima and a less prevalent maxima 
trending NNW and plunging 45-60°. 

Steel et al. 1986; Kleinspehn et al. 1989; Kleinspehn & 
Teyssier this vol. ; Gabrielsen et al. , this vol.; Welbon et 
al. , this vol.) there may be more than one Tuttle lamellae 
population of Tertiary age. 

Relict Tuttle lamellae which cut grains within Reinod
den Formation conglomerate lithics, clearly formed after 
deposition of the source terrane. Given the similarity of 
these lithics with Orustdalen Formation (Billefjorden 
Gro up) lithologies, and a lack of possible other appropri
ate sources, a Middle Carboniferous age for one Tuttle 
lamellae population is suggested by the data. Such an age 
could also explain abundant relict Tuttle lamellae seen in 
some Tåmkanten Formation samples from the St Jons
fjorden area. 

The disparity in Tuttle lamellae development ( along 
with undulose extinction and deformation lamellae -
described above) in Billefjorden Group versus Reinodden 

Formation strata at Midterhuken and Reinodden could 
be due to a Middle Carboniferous event or to mechanical 
properties ( dolomitic versus quartz cement) between the 
two units. In this case the age of Tuttle lamellae forma
tion is uncertain. However, at Nordenskiold Land post
depositional Tuttle lamellae are well developed within a 
Reinodden conglomerate with a carbonate component. 
Therefore, we believe one of the multiple populations is 
Middle Carboniferous in age and associated with the 
intervening angular unconformity. Relict Tuttle lamellae 
seen in Billefjorden Group clastic grains and within 
metamorphic lithics within conglomerates of the Reinod
den Formation also indicate a pre-Carboniferous event. 

A consistent Tuttle lamellae population seen both at 
Bellsund and St Jonsfjorden suggests regional NW -SE 
extension. The present sample collection does not permit 
us to assign an age. If Tertiary in age, then this minimum 

Table 1. Stratigraphic nomenclature of Carboniferous units discussed in text. Cutbill & Challinor ( 1965) provide the basic framework for Svalbard's Carboniferous 
stratigraphy. 

Reinodden, Midterhuken, 
Bellsund 
Reinodden, Nordenskiiildbreen Land St Jonsfjorden Brøggerhalvøya 

Gipshuken Fm. Gipshuken Fm. Gipshuken Fm. Gipshuken Fm. 
Gipsdalen 

Nordenskiiildbreen Fm. Nordenskiiildbreen Fm. Nordenskiiildbreen Fm. Nordenskiiildbreen Fm. 
Group Tåmkanten Fm. Scheteligfjellet Mr. 

Reinodden Fm. Reinodden Fm. Petrelskardet Fm. Brøggertinden Fm. 
Billefjorden Vegard Fm. Vegard Fm. 
Group Orustdalen Fm. Orustdalen Fm. Orustdalen Fm. Orustdalen Fm. 

Billefjorden Reinodden, Midterhuken, Nordenskiiildbreen Land Nordenskiiildbreen Fm. Nordenskioldbreen Fm. 



NORSK GEOLOOISK TIDSSKRIFT 72 (1992) 

principal stress direction would be subparallel to that 
described by Kleinspehn et al. ( 1989) for part of an 
Upper Paleocene compression stage, penecontemporane
ous with folding and thrusting, perhaps as a late phase 
non-plane strain component. Jf Carboniferous in age, 
this orientation (subparallel to the length of the Car
boniferous basins) would suggest a transcurrent compo
nent to basin formation. 

Tuttle lamellae show significant promise for providing 
new and valuable kinematic information on a somewhat 
cryptic Carboniferous deformation event (Birkenmajer 
1964, 1981; Sied1ecka 1968; Gjelberg & Steel 1981; Wors
ley 1986; Welbon & Maher 1992; Dallmann, this vol.). 
This is especially important because of the limited expo
sures of macrostructures of Carboniferous age available 
on Svalbard for normal structural analysis. Tuttle 1amel
lae represent yet another tool with which the polyphase 
history of Svalbard and the nature of reactivation tecton
ics can be understood. 
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